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Abstract
This erratum contains the full corrected version of the paper Complete set of
Feynman rules for the Minimal Supersymmetric Standard Model [1]. The complete
set of Feynman rules for the R-parity conserving MSSM is listed, including the
most general form of flavour mixing. Propagators and vertices are computed in
t’Hooft-Feynman gauge, convenient for perturbative calculations beyond the tree
level.
∗e-mail: janusz.rosiek@fuw.edu.pl
Instead of putting on the web next version of the “erratum”, with few more errors
in the original paper corrected, I decided to resubmit the “integrated” version, i.e. full
paper text with all necessary corrections included - it should be easier to use in this way.
I also used this opportunity to correct the most irritating features of the notation used
in the original Phys. Rev. D paper, making it, wherever possible, closer to commonly
used naming conventions. However, I kept unchanged the “final” matrix notation for
the interactions vertices in the mass eigenstates basis, as it proved to be very useful in
compactifying many complicated loop calculations.
Most of the expressions for mass matrices, mixing angles and vertices listed in [1] have
been checked during the calculations of the 1-loop radiative corrections in the gauge and
Higgs sectors of the MSSM [2, 3] and in calculations of various CP violation/FCNC pro-
cesses [4, 5, 6] The 1-loop corrections were calculated in on-shell renormalization scheme,
which provide a very strict test of correctness of all formulae entering the expressions for
the renormalized quantities: most of the errors in Feynman rules lead immediately to
non-cancellation of the divergencies. Only the most exotic vertices like 4-sfermion cou-
plings, several rarely used 2 Higgs boson-2 sfermion couplings were not used and did not
pass this test yet. Other vertices can be with good probability considered as checked.
Formulae for diagonalization of mass matrices and most of the vertices listed in [1]
are accessible also as the ready FORTRAN codes. They are part of the bigger library for
calculation of the 1-loop radiative corrections in on-shell renormalization scheme to the
MSSM neutral Higgs production and decay rates. This library can be found at:
http://www.fuw.edu.pl/˜rosiek/physics/neutral higgs.html
In order to avoid too many replacements in hep-ph archive, and to speed up
the process of introducing further corrections if any were found, I will always
put the most recent version of this collection of Feynman rules on my private
web page. It will be available at:
http://www.fuw.edu.pl/˜rosiek/physics/prd41.html
I will not update the hep-ph version of the erratum any more!
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Abstract
The complete set of Feynman rules for the R-parity conserving MSSM is listed,
including the most general form of flavour mixing. Propagators and vertices are
computed in t’Hooft-Feynman gauge, convenient for perturbative calculations be-
yond the tree level.
1 Introduction
Since many years the minimal supersymmetric extension of the standard model (MSSM)
has been the subject of intensive studies. Practical calculations in the MSSM are usually
tedious because of its complexity. For easier reference, in this paper we complete all
Feynman rules for the MSSM in the t’Hooft-Feynman gauge, convenient for calculations
of loop corrections. We put special emphasis on including the most general form of flavour
mixing allowed in the R-parity conserving MSSM.
Some of the mass matrices and vertices given in the paper, mainly related to the Higgs
and -inos sectors, has been listed in other papers (see e.g. [7, 8]). For completeness, we
write down those formulae once again, in order to collect in one place and fixed convention
the full set of rules needed to calculate any process in the frame of the MSSM. The spinor
conventions used in the paper follow those given in [7].
The paper has the following structure. Section 2 contains short review of the rules
of constructing SUSY Yang-Mills theories. In section 3 we define fields and parameters
present in the MSSM Lagrangian. The physical content of the theory - the mass eigen-
states fields are given in section 4. In section 5 we define the gauge used throughout the
paper. Section 6 contains the MSSM Lagrangian expressed in terms of the physical fields.
A short summary and comments on the choice of the parameters of the model are given
in section 7. In Appendix A we write down the MSSM Lagrangian in terms of the initial
fields, before the SU(2)× U(1) symmetry breaking. Appendix B contains the full set of
Feynman rules corresponding to the Lagrangian of section 6.
2 General structure of the SUSY models
Supersymmetric Yang-Mills theories contain two basic types of fields - gauge multiplets
(λa, V aµ ) in the adjoint representation of a gauge group G and matter multiplets (Ai, ψi) in
some chosen representations of G. By λ and ψ we denote here fermions in two-component
notation, Ai are complex scalar fields and V
a
µ are spin-1 real vector fields (the spinor
notation and conventions used in the paper are the same as those explained in Appendix A
of ref. [7]). To construct the Lagrangian of such a theory we follow the rules given in ref. [7].
In the strictly supersymmetric case one has the following terms (summation convention
is used unless stated otherwise):
1. Kinetic terms.
2. Self interaction of gauge multiplets: three- and four-gauge boson vertices plus addi-
tional interaction of gauginos and gauge fields:
igfabcλ
aσµλ¯bV cµ
3. Interactions of the gauge and matter multiplets (T a is the Hermitian group generator
in the representation corresponding to the given multiplet):
−gT aijV aµ (ψ¯iσ¯µψj + iA⋆i ∂µAj),
ig
√
2T aij(λ
aψjA
⋆
i − λ¯aψ¯iAj),
g2(T aT b)ijV
a
µ V
µbA⋆iAj .
4. Self interactions of the matter multiplets. For technical reasons it is convenient to
define the so called “superpotential”W as at most cubic gauge-invariant polynomial
which depends on scalar fields Ai, but not on A
⋆
i [7] (alternatively, the superpotential
can be defined as a function of the superfields). Introducing two auxiliary functions:
Fi = ∂W/∂Ai
Da = gA⋆iT
a
ijAj
one can write the scalar supersymmetric potential as:
V =
1
2
DaDa + F ⋆i Fi
Yukawa interactions are given by:
−1
2
(
∂2W
∂Ai∂Aj
ψiψj +H.c.
)
In the case of semisimple groups G = G1 × . . . × Gn in the expressions above one
should substitute terms of the form gV T by sums ΣgiViTi and similarly for gauginos.
There are also n vertices λ − λ¯ − V and n terms 1
2
D2 in the scalar potential. For U(1)
factors there are no gaugino-gaugino-gauge interaction, and, by convention, the product
gT aijV
a
µ is replaced by
1
2
gyiδijVµ (no sum over i), where yi is the U(1) quantum number of
the matter multiplet (Ai, ψi) (similarly for gauginos). In general the U(1) D-field may be
shifted by the so called Fayet-Iliopoulos term ξ [9]:
D =
1
2
gyiA
⋆
iAi + ξ
ξ 6= 0 may introduce dangerous quadratic divergences into the theory. In most realistic
models (including MSSM) this term is absent.
This completes the construction of a strictly supersymmetric theories. To build mod-
els which preserve the most important feature of such theories - absence of quadratic
divergences - and which simultaneously are experimentally acceptable, it is necessary to
add to the above Lagrangian explicit soft SUSY breaking terms. The most general form
of appropriate expressions can be written down as [10]:
m1ℜA2 +m2ℑA2 + y(A3 +H.c.) +m3(λaλa +H.c.)
A2 and A3 denote symbolically all possible gauge invariant combinations of scalar fields.
These terms split the masses of scalars and fermions present in the SUSY multiplets and
introduce new, non-supersymmetric trilinear scalar couplings.
3 MSSM field and coupling structure
To obtain the realistic supersymmetric version of the Standard Model one should extend
the field content of the theory by adding appropriate scalar or fermionic partners to the
ordinary matter and gauge fields. As stated in the previous section, the superpotential can
only be constructed as a function of fields and not of their complex conjugates. Therefore
it is not possible to give masses to all fermions using only one Higgs doublet - at least two
with opposite U(1) quantum numbers are necessary. The full field content of the MSSM
is listed below:
1. Multiplets of the gauge group SU(3)× SU(2)× U(1):
• Bµ, λB - weak hypercharge gauge fields, coupling constant g1
• Aiµ, λiA - weak isospin gauge fields, coupling constant g2
• Gaµ, λaG - QCD gauge fields, coupling constant g3
2. Matter multiplets - we assume that three matter generations exist, so the index I
(and similarly all capital I, J,K . . . indices in the rest of the paper) runs from 1 to
3 (such notation can be immediately generalized to the case of N generations).
Scalars Fermions U(1) charge
LI =
(
ν˜I
e˜−IL
)
ΨIL =
(
νI
e−I
)
L
−1
RI = e˜+IR Ψ
I
R = (e
−I
L )
c 2
QI =
(
u˜I
d˜IL
)
ΨIQ =
(
uI
dI
)
L
1
3
DI = d˜I⋆R Ψ
I
D = (d
I
L)
c 2
3
U I = u˜I⋆R Ψ
I
U = (u
I
L)
c −4
3
H1 =
(
H11
H12
)
Ψ1H =
(
Ψ1H1
Ψ1H2
)
−1
H2 =
(
H21
H22
)
Ψ2H =
(
Ψ2H1
Ψ2H2
)
1
The SU(3) indices are not written explicitly. We assume that Q quarks and squarks
are QCD triplets, D and U fields - QCD antitriplets.
In order to define the theory we have to write down the superpotential and introduce
the soft SUSY breaking terms (without them even using two Higgs doublets it is impossible
to break spontaneously the gauge symmetry). The most general form of the superpotential
which does not violate gauge invariance and the SM conservation laws is:
W = µǫijH
1
iH
2
j + ǫijY
IJ
l H
1
i L
I
jR
J + ǫijY
IJ
d H
1
iQ
I
jD
J + ǫijY
IJ
u H
2
iQ
I
jU
J
Some bilinear and trilinear terms (e.g. εILǫijH
2
i L
I
j ) are gauge invariant but break lepton
and/or barion number conservation, so we do not include them. In general, presence of
such terms can be forbidden by requiring the preservation of additional global symmetry
of the model, so called R-parity (for review see e.g. [11]):
R = (−1)L+3B+2S
Soft breaking terms can be divided into several classes:
1. Mass terms for the scalar fields.
−m2H1H1⋆i H1i −m2H2H2⋆i H2i − (m2L)IJLI⋆i LJi − (m2R)IJRI⋆RJ
−(m2Q)IJQI⋆i QJi − (m2D)IJDI⋆DJ − (m2U)IJU I⋆UJ
2. Mass terms for gauginos.
1
2
M1λBλB +
1
2
M2λ
i
Aλ
i
A +
1
2
M3λ
a
Gλ
a
G +H.c.
3. Trilinear couplings of the scalar fields corresponding to the Yukawa terms in the
superpotential.
m212ǫijH
1
iH
2
j + ǫijA
IJ
l H
1
i L
I
jR
J + ǫijA
IJ
d H
1
iQ
I
jD
J + ǫijA
IJ
u H
2
iQ
I
jU
J +H.c.
4. Trilinear couplings of the scalar fields, different in the from from the Yukawa terms
in the superpotential (sometimes called “non-analytic terms” as they involve charge
conjugated Higgs fields). Usually such couplings are not considered as they are not
generated in the most popular SUSY-breaking models.
A
′IJ
l H
2⋆
i L
I
iR
J + A
′IJ
d H
2⋆
i Q
I
iD
J + A
′IJ
u H
1⋆
i Q
I
iU
J +H.c.
In general constants µ, m212, Yukawa matrices, squark and gaugino masses and the
trilinear soft couplings may be complex. One can perform three operations which eliminate
unphysical degrees of freedom. First, it is possible to change globally the phase of one
of the Higgs multiplets in such a way, that the constant m212 becomes a real number.
Then the equations for the vacuum expectations values of the Higgs fields involve only
real parameters (at least on the tree level). Second, one can redefine simultaneously the
phases of all fermions in the model removing the complex phase from one of gaugino mass
parameter (see e.g. [4]). Paralelly one should redefine the phases of other couplings to
absorb the change of the phase of the Higgs multiplet. The last operation is the same as
in the SM - by the rotation of the fields
(QIi ,Ψ
I
Qi)→ V IJQi (QJi ,ΨJQi) (no sum over i)
(U I ,ΨIU)→ V IJU (UJ ,ΨJU)
(DI ,ΨID)→ V IJD (DJ ,ΨJD)
and similarly for leptons, one can diagonalize the matrices Y IJl , Y
IJ
u and Y
IJ
d obtaining
Yukawa couplings of the form ǫijY
I
l H
1
i L
I
jR
I etc. Simultaneous rotations of quark and
squark fields lead to the so-called super-KM basis (see e.g. [5]). After the proper redefini-
tion of the parameters the matrices VQ, VU , VD, VL and VR disappear from the Lagrangian
leaving as their trace the Kobayashi-Maskawa matrix K, appearing in many expressions
containing both quarks and squarks:
K = V †Q1VQ2
Of course, sfermion mass matrices in the super-KM basis may be still non-diagonal, i.e.
Yukawa and soft matrices need not to be diagonalized by the same rotations.
In the rest of the paper, in particular in section 4 and in Appendix A we use the
rotated soft breaking parameters. For example, if the initial Yukawa and trilinear scalar
couplings were Y (0)u and A
(0)
u , respectively, the rotation of the quark and squark fields to
the super-KM basis lead to diagonal Yukawa coupling Yu = V
†
Q1Y
(0)
u VU and new trilinear
scalar coupling Au = V
†
Q1A
(0)
u VU , which are then used in other expressions. The procedure
of the redefinition of the squark mass matrices remains some freedom. We have chosen the
redefined left squark mass matrix parameter in such a way that the Kobayashi-Maskawa
matrix multiplies m2Q in the up-squark mass matrix.
The full Lagrangian written in terms of the initial fields (before SU(2)×U(1) symmetry
breaking) is given in Appendix A.
4 Physical spectrum of the MSSM
In the previous section we defined the field content and all parameters of the MSSM.
To obtain the physical spectrum of particles present in the theory one should carry out
the standard procedure of gauge symmetry breaking via vacuum expectation values of
the neutral Higgs fields and find the eigenstates of the mass matrices for all fields. The
VEV’s of the Higgs fields satisfy the following equations (θ denotes the Weinberg angle,
sW = sin θ, cW = cos θ, e = g2sW = g1cW ):
< H1 >=
1√
2
(
v1
0
)
< H2 >=
1√
2
(
0
v2
)
[
e2
8s2W c
2
W
(
v21 − v22
)
+m2H1 + |µ|2
]
v1 = −m212v2[
− e
2
8s2W c
2
W
(
v21 − v22
)
+m2H2 + |µ|2
]
v2 = −m212v1
Parameters of the above set of equations are constrained by the condition that v1 and v2
should reproduce the proper values of the gauge boson masses.
The physical fields of the MSSM can be identified as follows:
1. Gauge bosons. Eight gluons gaµ and the photon Fµ are massless, bosons W
±
µ and Zµ
have masses
MZ =
e
2sW cW
(
v21 + v
2
2
) 1
2
MW =
e
2sW
(
v21 + v
2
2
) 1
2
2. Charged Higgs scalars. Four charged Higgs scalars exist, two of them with the mass
M2
H±
1
=M2W +m
2
H1
+m2H2 + 2|µ|2
and the other two massless. In the physical (unitary) gauge H±2 (≡ G±) are eaten
by W bosons and disappear from the Lagrangian. Fields H+1 and H
+
2 are related to
the initial Higgs fields by the rotation matrix ZH :(
H1⋆2
H21
)
= ZH
(
H+1
H+2
)
ZH =
(
v21 + v
2
2
)− 1
2
(
v2 −v1
v1 v2
)
3. Neutral Higgs scalars. If the Lagrangian contains only real parameters the neutral
Higgs particles have well defined CP eigenvalues - two of them are scalars, the
other two are pseudoscalars. This is no longer true if some parameters are complex.
Nevertheless, in both cases it is convenient to divide neutral Higgses into two classes.
i) “Scalar” particles H0i , i = 1, 2, defined as:√
2ℜH ii = Z ijRH0j + vi (no sum over i)
The matrix ZR and the masses of H
0
i can be obtained by diagonalizing theM
2
R
matrix:
ZTR

 −m212
v2
v1
+
e2v2
1
4s2
W
c2
W
m212 − e
2v1v2
4s2
W
c2
W
m212 − e
2v1v2
4s2
W
c2
W
−m212 v1v2 +
e2v2
2
4s2
W
c2
W

ZR =

 M2H01 0
0 M2
H0
2


ii) “Pseudoscalar” particles A0i , i = 1, 2:√
2ℑH ii = Z ijHA0j (no sum over i)
A01(≡ A0) has the mass M2A = m2H1 + m2H2 + 2|µ|2, A02(≡ G0) is the massless
Goldstone boson which disappears in the unitary gauge. The ZH matrix is the
same as in the case of the charged Higgs bosons.
Matrix notation used in the paper is convenient in the case of non-unitary gauge,
when the Goldstone bosons are explicitly present in the Lagrangian and enter the
calculations together with the physical Higgs particles. In order to compare our
expressions with the more commonly used notation one should substitute:
ZH =
(
sinβ −cosβ
cosβ sinβ
)
ZR =
(
cosα −sinα
sinα cosα
)
where:
tanβ =
v2
v1
tan 2α = tan 2β
M2A +M
2
Z
M2A −M2Z
It is also worth remembering that due to the SUSY structure of the model the Higgs
boson masses fulfill two interesting tree-level relations:
M2
H+
1
= M2A +M
2
W
M2H0
1
+M2H0
2
= M2A +M
2
Z
4. Matter fermions (quarks and leptons) have masses (note that Y Il , Y
I
d are defined as
negative):
mIν = 0 m
I
e = −
v1Y
I
l√
2
mId = −
v1Y
I
d√
2
mIu =
v2Y
I
u√
2
5. Charginos. Four 2-component spinors (λ1A, λ
2
A,Ψ
1
H2,Ψ
2
H1) combine to give two 4-
component Dirac fermions χ1, χ2 corresponding to two physical charginos. The
chargino mixing matrices Z+ and Z− are defined by the condition:
(Z−)
T
(
M2
ev2√
2sW
ev1√
2sW
µ
)
Z+ =
(
Mχ1 0
0 Mχ2
)
The unitary matrices Z−, Z+ are not uniquely specified - by changing their relative
phases and the ordering of the eigenvalues it is possible to choose Mχi to be positive
and Mχ2 > Mχ1 . The fields χi are related to the initial spinors as below:
Ψ2H1 = Z
2i
+κ
+
i
Ψ1H2 = Z
2i
−κ
−
i χi =
(
κ+i
κ¯−i
)
λ±A ≡
λ1A ∓ iλ2A√
2
= iZ1i±κ
±
i
6. Four 2-component spinors (λB, λ
3
A,Ψ
1
H1,Ψ
2
H2) combine into four Majorana fermions
χ0i , i = 1 . . . 4, called neutralinos. The formulas for mixing and mass matrices are
the following:
ZTN


M1 0
−ev1
2cW
ev2
2cW
0 M2
ev1
2sW
−ev2
2sW−ev1
2cW
ev1
2sW
0 −µ
ev2
2cW
−ev2
2sW
−µ 0

ZN =


Mχ0
1
0
. . .
0 Mχ0
4


λB = iZ
1i
Nκ
0
i
λ3A = iZ
2i
Nκ
0
i
Ψ1H1 = Z
3i
Nκ
0
i χ
0
i =
(
κ0i
κ¯0i
)
Ψ2H2 = Z
4i
Nκ
0
i
7. SU(3) gauginos do not mix. In four component notation one has eight gluinos ΛaG
with masses |M3|.
ΛaG =
( −iλaG
iλ¯aG
)
8. Three complex scalar fields LI1 form three sneutrino mass eigenstates ν˜
I with masses
given by diagonalization of a matrix M2ν :
LI1 = Z
IJ
ν ν˜
J
Z†νM2νZν =


M2ν1 0
. . .
0 M2ν3


M2ν =
e2(v21 − v22)
8s2W c
2
W
1ˆ +m2L
Sneutrinos are neutral but complex scalars.
9. Fields LI2 and R
I mix to give six charged selectrons Li, i = 1 . . . 6:
LI2 = Z
Ii⋆
L L
−
i R
I = Z
(I+3)i
L L
+
i
Z†L
(
(M2L)LL (M2L)LR
(M2L)†LR (M2L)RR
)
ZL =


M2L1 0
. . .
0 M2L6


(
M2L
)
LL
=
e2(v21 − v22)(1− 2c2W )
8s2W c
2
W
1ˆ +
v21Y
2
l
2
+ (m2L)
T
(
M2L
)
RR
= −e
2(v21 − v22)
4c2W
1ˆ +
v21Y
2
l
2
+m2R
(
M2L
)
LR
=
1√
2
(
v2(Ylµ
⋆ − A′l) + v1Al
)
10. Fields QI1 and U
I turn into six up squarks Ui.
QI1 = Z
Ii
U U
+
i U
I = Z
(I+3)i⋆
U U
−
i
ZTU
(
(M2U)LL (M2U)LR
(M2U)†LR (M2U)RR
)
Z⋆U =


M2U1 0
. . .
0 M2U6


(
M2U
)
LL
= −e
2(v21 − v22)(1− 4c2W )
24s2W c
2
W
1ˆ +
v22Y
2
u
2
+ (Km2QK
†)T
(
M2U
)
RR
=
e2(v21 − v22)
6c2W
1ˆ +
v22Y
2
u
2
+m2U
(
M2U
)
LR
= − 1√
2
(
v1(A
′
u + Yuµ
⋆) + v2Au
)
One should note that ZU is defined with the complex conjugate comparing to defini-
tions of ZL (and ZD below). With such a definition, all positively charged sfermion
fields in the MSSM Lagrangian in section 4 are multiplied by Z ijX , negatively charged
by Z ij⋆X . This makes easier to control correctness of various calculations including
complex parameters.
11. Finally one has six down-squarks Di composed from fields Q
I
2 and D
I :
QI2 = Z
Ii⋆
D D
−
i D
I = Z
(I+3)i
D D
+
i
Z†D
(
(M2D)LL (M2D)LR
(M2D)†LR (M2D)RR
)
ZD =


M2D1 0
. . .
0 M2D6


(
M2D
)
LL
= −e
2(v21 − v22)(1 + 2c2W )
24s2W c
2
W
1ˆ +
v21Y
2
d
2
+ (m2Q)
T
(
M2D
)
RR
= −e
2(v21 − v22)
12c2W
1ˆ +
v21Y
2
d
2
+m2D
(
M2D
)
LR
=
1√
2
(
v2(Ydµ
⋆ − A′d) + v1Ad
)
We have now completely defined all the physical fields existing in the MSSM:
Photon Fµ
Gauge bosons Z0µ,W
±
µ
Gluons gaµ a = 1 . . . 8
Gluinos ΛaG a = 1 . . . 8 (Majorana spinors)
Charginos χi i = 1, 2 (Dirac spinors)
Neutralinos χ0i i = 1 . . . 4 (Majorana spinors)
Neutrinos νI I = 1 . . . 3 (Dirac spinors)
Electrons eI I = 1 . . . 3 (Dirac spinors)
Quarks uI , dI I = 1 . . . 3 (Dirac spinors)
Sneutrinos ν˜I I = 1 . . . 3
Selectrons L±i i = 1 . . . 6
Squarks U±i , D
±
i i = 1 . . . 6
Higgs particles:
charged H±1 (≡ H±)
neutral “scalar” H01 , H
0
2 (≡ H, h)
neutral “pseudoscalar” A01 (≡ A0)
Not for all the possible values of input parameters one can obtain reasonable sets of
particle masses. For instance, for some choices of the Higgs sector data the SU(2)×U(1)
symmetry would not be broken or, on the opposite, incorrect values of squark sector
parameters can lead to negative values of their masses and in consequence to the color
symmetry breaking [12]
5 Choice of the gauge
As long as one considers various processes in the spontaneously broken gauge theory in
the tree approximation, the most natural and preferred choice is the unitary gauge in
which the unphysical Goldstone bosons are absent from the Lagrangian and Feynman
rules. When one wants to calculate higher order corrections, one must include the ghost
loops suitable for the given gauge. In such case it is much more efficient to use the t’Hooft-
Feynman gauge, in which the Goldstone fields appear explicitly in the calculations, but
ghost vertices are relatively simple. For our model the appropriate choice for the gauge
fixing terms is:
LGF = − 1
2κ
(
∂µGaµ
)2 − 1
2ξ
(
∂µA3µ + ξMZcWG
0
)2 − 1
2ξ
(
∂µBµ − ξMZsWG0
)2
− 1
2ξ
(
∂µA1µ +
i√
2
ξMW (G
+ −G−)
)2
− 1
2ξ
(
∂µA2µ −
1√
2
ξMW (G
+ +G−)
)2
= − 1
2κ
(
∂µGaµ
)2 − 1
2ξ
(∂µZµ)
2 − 1
2ξ
(∂µFµ)
2 − 1
ξ
(
∂µW+µ
) (
∂µW−µ
)
− MZG0∂µZµ − iMW (G+∂µW−µ −G−∂µW+µ )−
1
2
ξM2Z(G
0)2 − ξM2WG+G−
In some calculations it may be convenient to use even more complicated version of
the above expression, with different gauge fixing parameters for various gauge groups (see
e.g. [2]).
6 The interaction Lagrangian
Although we consider only the minimal extension of the standard model, the full set of
Feynman rules for such a theory in the gauge described in section 5 is very complicated. In
this section we write down the interaction part of the MSSM Lagrangian. The propagators
and vertices suitable for the chosen gauge are collected in Appendix B. Of course, one
can obtain from them rules for tree calculations in the unitary gauge by setting H±2 and
A02 to zero and neglecting the ghost terms.
It is convenient to divide all terms in the Lagrangian into classes corresponding to the
different types of particles taking part in the interactions (the quark, squark and gluino
vertices which contain the QCD coupling constant g3 are collected together as the separate
class).
We start from two technical remarks explaining the notation used through the rest
of the paper. First, the expression “+H.c.” always refers only to the line in which it
was used. Second, after the diagonalization of the superpotential the Yukawa matri-
ces Y IJl , Y
IJ
u , Y
IJ
d change into Y
I
l δ
IJ , Y Iu δ
IJ , Y Id δ
IJ and simultaneously sums of the type
AIJY JKl B
KL convert into AIJY Jl B
JL etc., containing the capital indices I, J,K . . . more
than twice; nevertheless, one should always use the summation convention in those cases.
This should not lead to any misunderstandings.
1. Interactions of gauge bosons and superscalars.
i) quark-squark-gauge interactions (the color indices are not written explicitly):
− 2
3
eu¯IγµuIFµ − 2
3
ie(U−i
↔
∂µU+i )Fµ +
1
3
ed¯IγµdIFµ +
1
3
ie(D+i
↔
∂µD−i )Fµ
− e
2sW cW
u¯Iγµ(PL − 4
3
s2W )u
IZµ − ie
2sW cW
(ZIi⋆U Z
Ij
U −
4
3
s2W δ
ij)(U−i
↔
∂µU+j )Zµ
+
e
2sW cW
d¯Iγµ(PL − 2
3
s2W )d
IZµ +
ie
2sW cW
(ZIiDZ
Ij⋆
D −
2
3
s2W δ
ij)(D+i
↔
∂µD−j )Zµ
− e√
2sW
KJI⋆d¯IγµPLu
JW−µ −
ie√
2sW
ZIiDZ
Jj
U K
JI⋆(D+i
↔
∂µU+j )W
−
µ +H.c.
+
4
9
e2FµF
µU−i U
+
i +
2e2
3sW cW
(ZIi⋆U Z
Ij
U −
4
3
δijs2W )ZµF
µU−i U
+
j
+
e2
3c2W
[
4
3
δijs2W +
3− 8s2W
4s2W
ZIi⋆U Z
Ij
U
]
ZµZ
µU−i U
+
j
+
1
9
e2FµF
µD+i D
−
i +
e2
3sW cW
(ZIiDZ
Ij⋆
D −
2
3
δijs2W )ZµF
µD+i D
−
j
+
e2
3c2W
[
1
3
δijs2W +
3− 4s2W
4s2W
ZIiDZ
Ij⋆
D
]
ZµZ
µD+i D
−
j
+
e2
2s2W
ZIi⋆U Z
Ij
U W
+
µ W
−µU−i U
+
j +
e2
2s2W
ZIiDZ
Ij⋆
D W
+
µ W
−µD+i D
−
j
− e
2
√
2
6sW cW
ZIiDZ
Jj
U K
JI⋆D+i U
+
j (Z
µsW − F µcW )W−µ +H.c.
ii) lepton-slepton-gauge interactions
− e
2sW cW
ν¯IγµPLν
IZµ − ie
2sW cW
(ν˜I⋆
↔
∂µν˜I)Zµ + ee¯
IγµeIFµ + ie(L
+
i
↔
∂µL−i )Fµ
+
e
2sW cW
e¯Iγµ(PL − 2s2W )eIZµ +
ie
2sW cW
(ZIiL Z
Ij⋆
L − 2s2W δij)(L+i
↔
∂µL−j )Zµ
− e√
2sW
ν¯IγµPLe
IW+µ −
ie√
2sW
ZIJν Z
Ii
L (L
+
i
↔
∂µν˜J)W−µ +H.c.
+
e2
4s2W c
2
W
ZµZ
µν˜I⋆ν˜I + e2FµF
µL−i L
+
i +
e2
sW cW
(
ZIi⋆L Z
Ij
L − 2δijs2W
)
FµZ
µL−i L
+
j
+
e2
c2W
(
δijs2W +
1− 4s2W
4s2W
ZIi⋆L Z
Ij
L
)
ZµZ
µL−i L
+
j
+
e2
2s2W
W+µ W
−µν˜I⋆ν˜I +
e2
2s2W
ZIi⋆L Z
Ij
L W
+
µ W
−µL−i L
+
j
+
e2√
2sW cW
ZIJν Z
Ii
L ν˜
JL+i W
−
µ (Z
µsW − F µcW ) + H.c.
2. Interactions of the Higgs particles and gauge bosons. For more concise notation, we
define the auxiliary matrices
AijM = Z
1i
RZ
1j
H − Z2iRZ2jH CiR = v1Z1iR + v2Z2iR (1)
The Higgs-gauge interaction has the form:
+
e
2sW cW
AijM(H
0
i
↔
∂µA0j)Zµ +
ie
2sW cW
(H+i
↔
∂µH−i )((c
2
W − s2W )Zµ + 2sW cWFµ)
− ie
2sW
AijM(H
0
i
↔
∂µH−j )W
+
µ −
e
2sW
(A0i
↔
∂µH−i )W
+
µ +H.c.
+
e2
2s2W
CiR(W
+
µ W
−µ +
1
2c2W
ZµZ
µ)H0i −
(
eMW
cW
(ZµsW − F µcW )W+µ H−2 +H.c.
)
+
e2
4s2W c
2
W
(
(c2W − s2W )2ZµZµ + 4sW cW (c2W − s2W )ZµF µ + 4s2W c2WFµF µ
)
H+i H
−
i
+
e2
4s2W
(W+µ W
−µ +
1
2c2W
ZµZ
µ)(H0iH
0
i + A
0
iA
0
i ) +
e2
2s2W
W+µ W
−µH+i H
−
i
+
e2
2sW cW
AijM(Z
µsW − F µcW )W+µ H−j H0i −
ie2
2sW cW
(ZµsW − F µcW )W+µ H−i A0i +H.c.
3. Higgs-lepton and Higgs-quark interactions.
+
1√
2
Y Il Z
1i
R e¯
IeIH0i −
i√
2
Y Il Z
1i
H e¯
Iγ5e
IA0i − Y Il Z1iH (e¯IPLνIH−i +H.c.)
+
1√
2
Y Id Z
1i
R d¯
IdIH0i −
1√
2
Y Iu Z
2i
R u¯
IuIH0i −
i√
2
Y Id Z
1i
H d¯
Iγ5d
IA0i +
i√
2
Y Iu Z
2i
H u¯
Iγ5u
IA0i
+ d¯I(−Y Id Z1iHPL + Y Ju Z2iHPR)KJI⋆uJH−i +H.c.
4. Interactions of the charginos and neutralinos with the gauge bosons:
− eχ¯iγµχiFµ − e
2sW cW
χ¯iγ
µ
(
Z1i⋆+ Z
1j
+ PL + Z
1i
−Z
1j⋆
− PR + (c
2
W − s2W )δij
)
χjZµ
+
e
sW
χ¯jγ
µ
[
(Z2iNZ
1j⋆
+ −
1√
2
Z4iNZ
2j⋆
+ )PL + (Z
2i⋆
N Z
1j
− +
1√
2
Z3i⋆N Z
2j
− )PR
]
χ0iW
+
µ +H.c.
+
e
4sW cW
χ¯0iγ
µ
(
(Z4i⋆N Z
4j
N − Z3i⋆N Z3jN )PL − (Z4iNZ4j⋆N − Z3iNZ3j⋆N )PR
)
χ0jZµ
5. Interactions of the charginos and neutralinos with the superscalars.
i) interactions with squarks (superscript “C” denotes the charge conjugated spinor):
+ U−i χ¯
0
j
[( −e√
2sW cW
ZIi⋆U (
1
3
Z1jN sW + Z
2j
N cW )− Y Iu Z(I+3)i⋆U Z4jN
)
PL
+
(
2e
√
2
3cW
Z
(I+3)i⋆
U Z
1j⋆
N − Y Iu ZIi⋆U Z4j⋆N
)
PR
]
uI +H.c.
+ D+i χ¯
0
j
[( −e√
2sW cW
ZIiD (
1
3
Z1jN sW − Z2jN cW ) + Y Id Z(I+3)iD Z3jN
)
PL
+
(−e√2
3cW
Z
(I+3)i
D Z
1j⋆
N + Y
I
d Z
Ii
DZ
3j⋆
N
)
PR
]
dI +H.c.
+ U+i d¯
I
[
(
−e
sW
ZJiU Z
1j⋆
+ + Y
J
u Z
(J+3)i
U Z
2j⋆
+ )PR − Y Id ZJiU Z2j− PL
]
KJI⋆χCj +H.c.
− D+i χ¯j
[
(
e
sW
ZIiDZ
1j
− + Y
I
d Z
(I+3)i
D Z
2j
− )PL − Y Ju ZIiDZ2j⋆+ PR
]
KJI⋆uJ +H.c.
ii) interactions with sleptons
+
e√
2sW cW
ZIJ⋆ν (Z
1i
N sW − Z2iN cW )ν˜J⋆χ¯0iPLνI +H.c.
+ χ¯0j
[(
e√
2sW cW
ZIiL (Z
1j
N sW + Z
2j
N cW ) + Y
I
l Z
(I+3)i
L Z
3j
N
)
PL
+
(−e√2
cW
Z
(I+3)i
L Z
1j⋆
N + Y
I
l Z
Ii
L Z
3j⋆
N
)
PR
]
eIL+i +H.c.
− χ¯Ci (
e
sW
Z1i+PL + Y
I
l Z
2i⋆
− PR)Z
IJ⋆
ν e
I ν˜J⋆ +H.c.
− ( e
sW
ZIiL Z
1j
− + Y
I
l Z
(I+3)i
L Z
2j
− )χ¯jPLν
IL+i +H.c.
6. Interactions of the charginos and neutralinos with the Higgs particles.
+
e
2sW cW
χ¯0i
[
(Z1kR Z
3j
N − Z2kR Z4jN )(Z1iN sW − Z2iN cW )PL
+ (Z1kR Z
3i⋆
N − Z2kR Z4i⋆N )(Z1j⋆N sW − Z2j⋆N cW )PR
]
χ0jH
0
k
− ie
2sW cW
χ¯0i
[
(Z1kH Z
3j
N − Z2kH Z4jN )(Z1iN sW − Z2iN cW )PL
− (Z1kH Z3i⋆N − Z2kH Z4i⋆N )(Z1j⋆N sW − Z2j⋆N cW )PR
]
χ0jA
0
k
− e√
2sW
χ¯i
[
(Z1kR Z
2i
−Z
1j
+ + Z
2k
R Z
1i
−Z
2j
+ )PL + (Z
1k
R Z
2j⋆
− Z
1i⋆
+ + Z
2k
R Z
1j⋆
− Z
2i⋆
+ )PR
]
χjH
0
k
+
ie√
2sW
χ¯i
[
(Z1kH Z
2i
−Z
1j
+ + Z
2k
H Z
1i
−Z
2j
+ )PL − (Z1kH Z2j⋆− Z1i⋆+ + Z2kH Z1j⋆− Z2i⋆+ )PR
]
χjA
0
k
+
e
sW cW
χ¯j
[
Z1kH
(
1√
2
Z2j− (Z
1i
N sW + Z
2i
N cW )− Z1j− Z3iN cW
)
PL
− Z2kH
(
1√
2
Z2j⋆+ (Z
1i⋆
N sW + Z
2i⋆
N cW ) + Z
1j⋆
+ Z
4i⋆
N cW
)
PR
]
χ0iH
+
k +H.c.
7. Self-interactions of the gauge bosons.
− ie
(
W+µ W
−
ν (∂
µF ν − ∂νF µ) + Fµ(W−ν ∂νW+µ −W+ν ∂νW−µ +W+ν
↔
∂µW−ν)
)
− iecW
sW
(
W+µ W
−
ν (∂
µZν − ZνF µ) + Zµ(W−ν ∂νW+µ −W+ν ∂νW−µ +W+ν
↔
∂µW−ν)
)
+
e2
2s2W
(gµλgνρ − gµνgλρ)W+µ W+λ W−ν W−ρ + e2(gµλgνρ − gµνgλρ)FµFνW+λ W−ρ
+
e2c2W
s2W
(gµλgνρ − gµνgλρ)ZµZνW+λ W−ρ +
e2cW
sW
(gµλgνρ + gµρgνλ − 2gµνgλρ)ZµFνW+λ W−ρ
8. Ghost terms.
− ie
sW
(ZµcW + FµsW )[(∂
µη¯−)η− − (∂µη¯+)η+]
+
ie
sW
W+µ [(∂
µη¯ZcW + ∂
µη¯FsW )η
− − (∂µη¯+)(ηZcW + ηF sW )]
+
ie
sW
W−µ [−(∂µη¯ZcW + ∂µη¯F sW )η+ + (∂µη¯−)(ηZcW + ηFsW )]
− ξe
2
4s2W
viZ
ij
R
(
1
c2W
η¯ZηZ + η¯
+η+ + η¯−η−
)
H0j +
ieξMW
2sW
(η¯−η− − η¯+η+)A02
+
ξeMW
2sW cW
(η¯Zη
− − (c2W − s2W )η¯+ηZ − η¯+2sW cWηF )H+2
+
ξeMW
2sW cW
(η¯Zη
+ − (c2W − s2W )η¯−ηZ − η¯−2sW cWηF )H−2
9. Scalar potential of the Higgs particles. This is the first part of the huge and complicated
quartic potential of the 27 scalar fields appearing in the theory. To streamline notation
we define four further auxiliary matrices:
AijH = Z
1i
HZ
1j
H − Z2iHZ2jH AijR = Z1iRZ1jR − Z2iRZ2jR
AijP = Z
1i
RZ
2j
H + Z
2i
RZ
1j
H B
i
R = v1Z
1i
R − v2Z2iR
The Higgs potential is expressed as:
− e
2
8s2W c
2
W
AijRB
k
RH
0
iH
0
jH
0
k −
e2
8s2W c
2
W
AijHB
k
RA
0
iA
0
jH
0
k
−
(
e2
4s2W c
2
W
AijHB
k
R +
eMW
2sW
(AkjP δ
1i + AkiP δ
1j)
)
H+i H
−
j H
0
k
+
ieMW
2sW
ǫijδ
1kH+i H
−
j A
0
k +
ie2
4s2W
AijP ǫklH
0
i A
0
jH
+
k H
−
l
− e
2
32s2W c
2
W
AijRA
kl
RH
0
iH
0
jH
0
kH
0
l −
e2
32s2W c
2
W
AijHA
kl
HA
0
iA
0
jA
0
kA
0
l
− e
2
16s2W c
2
W
AijRA
kl
HH
0
iH
0
jA
0
kA
0
l −
e2
8s2W c
2
W
AijHA
kl
HH
+
i H
+
k H
−
j H
−
l
− e
2
4s2W
(
1
2c2W
AijRA
kl
H + A
ik
P A
jl
P
)
H0iH
0
jH
+
k H
−
l
− e
2
4s2W
(
1
2c2W
AijHA
kl
H + ǫikǫjl
)
A0iA
0
jH
+
k H
−
l
It is easy to see that the couplings H+i H
−
j A
0
k and H
+
i H
−
j A
0
kH
0
l disappear in the unitary
gauge.
10. Interactions of the sleptons and Higgs bosons.
i) three scalar (two sleptons and one Higgs) couplings:
− e
2
4s2W c
2
W
BiRν˜
I⋆ν˜IH0i
+ ZIJν
(−√2e2
4s2W
CjRZ
Ii
L + (A
IK
l Z
(K+3)i
L +
v1√
2
(Y Il )
2ZIiL )Z
1j
H
+(A
′IK
l Z
(K+3)i
L − µ⋆Y Il Z(I+3)iL )Z2jH
)
ν˜JL+i H
−
j +H.c.
+
i√
2
(
(AIJ⋆l Z
Ij
L Z
(J+3)i⋆
L − AIJl ZIi⋆L Z(J+3)jL )Z1kH + (A
′IJ⋆
l Z
Ij
L Z
(J+3)i⋆
L
−A′IJl ZIi⋆L Z(J+3)jL )Z2kH + Y Il (µ⋆ZIi⋆L Z(I+3)jL − µZIjL Z(I+3)i⋆L )Z2kH
)
L−i L
+
j A
0
k
+
(
e2
2c2W
BkR
(
δij +
1− 4s2W
2s2W
ZIi⋆L Z
Ij
L
)
− (Y Il )2v1Z1kR (ZIi⋆L ZIjL + Z(I+3)i⋆L Z(I+3)jL )
− 1√
2
Z1kR (A
IJ⋆
l Z
Ij
L Z
(J+3)i⋆
L + A
IJ
l Z
Ii⋆
L Z
(J+3)j
L )
+
1√
2
Z2kR (A
′IJ⋆
l Z
Ij
L Z
(J+3)i⋆
L + A
′IJ
l Z
Ii⋆
L Z
(J+3)j
L )
− 1√
2
Y Il Z
2k
R (µ
⋆ZIi⋆L Z
(I+3)j
L + µZ
Ij
L Z
(I+3)i⋆
L )
)
L−i L
+
j H
0
k
ii) two slepton–two Higgs couplings:
− e
2
8s2W c
2
W
AijR ν˜
I⋆ν˜IH0iH
0
j −
e2
8s2W c
2
W
AijH ν˜
I⋆ν˜IA0iA
0
j
+ ZKJ⋆ν Z
KI
ν (e
2 c
2
W − s2W
4s2W c
2
W
AijH − (Y Kl )2Z1iHZ1jH )ν˜J⋆ν˜IH−i H+j
+
i√
2
ZIiL Z
IJ
ν
(
e2
2s2W
AjkH − (Y Il )2Z1jHZ1kH
)
ν˜JL+i H
−
j A
0
k +H.c.
+
1√
2
ZIiL Z
IJ
ν
(−e2
2s2W
(Z1jH Z
1k
R + Z
2j
H Z
2k
R ) + (Y
I
l )
2Z1jH Z
1k
R
)
ν˜JL+i H
−
j H
0
k +H.c.
+
(
e2
4c2W
AklH
(
δij +
1− 4s2W
2s2W
ZIi⋆L Z
Ij
L
)
−1
2
(Y Il )
2Z1kH Z
1l
H(Z
Ii⋆
L Z
Ij
L + Z
(I+3)i⋆
L Z
(I+3)j
L )
)
L−i L
+
j A
0
kA
0
l
+
(
e2
4c2W
AklR
(
δij +
1− 4s2W
2s2W
ZIi⋆L Z
Ij
L
)
−1
2
(Y Il )
2Z1kR Z
1l
R (Z
Ii⋆
L Z
Ij
L + Z
(I+3)i⋆
L Z
(I+3)j
L )
)
L−i L
+
j H
0
kH
0
l
+
(
e2
2c2W
AklH
(
δij − 1 + 2s
2
W
2s2W
ZIi⋆L Z
Ij
L
)
− (Y Il )2Z1kH Z1lHZ(I+3)i⋆L Z(I+3)jL
)
L−i L
+
j H
−
k H
+
l
11. Interactions of the squarks and Higgs bosons:
i) three scalar couplings:
+
i√
2
(
(AIJu Z
Ij
U Z
(J+3)i⋆
U − AIJ⋆u ZIi⋆U Z(J+3)jU )Z2kH + (A
′IJ⋆
u Z
Ii⋆
U Z
(J+3)j
U
− A′IJu ZIjU Z(J+3)i⋆U )Z1kH + Y Iu (µZIi⋆U Z(I+3)jU − µ⋆ZIjU Z(I+3)i⋆U )Z1kH
)
U−i U
+
j A
0
k
+
(−e2
3c2W
(
δij +
3− 8s2W
4s2W
ZIi⋆U Z
Ij
U
)
BkR − (Y Iu )2v2Z2kR (ZIi⋆U ZIjU + Z(I+3)i⋆U Z(I+3)jU )
+
1√
2
Z2kR (A
IJ⋆
u Z
Ii⋆
U Z
(J+3)j
L + A
IJ
u Z
Ij
U Z
(J+3)i⋆
U )
+
1√
2
Z1kR (A
′IJ⋆
u Z
Ii⋆
U Z
(J+3)j
U + A
′IJ
u Z
Ij
U Z
(J+3)i⋆
U )
+
1√
2
Y Iu Z
1k
R (µ
⋆ZIjU Z
(I+3)i⋆
U + µZ
Ii⋆
U Z
(I+3)j
U )
)
U−i U
+
j H
0
k
+
i√
2
(
(AIJ⋆d Z
Ij
D Z
(J+3)i⋆
D − AIJd ZIi⋆D Z(J+3)jD )Z1kH + (A
′IJ⋆
d Z
Ij
D Z
(J+3)i⋆
D
−A′IJd ZIi⋆D Z(J+3)jD )Z2kH + Y Id (µ⋆ZIi⋆D Z(I+3)jD − µZIjD Z(I+3)i⋆D )Z2kH
)
D−i D
+
j A
0
k
+
(
e2
6c2W
(
δij +
3− 4s2W
2s2W
ZIi⋆D Z
Ij
D
)
BkR − (Y Id )2v1Z1kR (ZIi⋆D ZIjD + Z(I+3)i⋆D Z(I+3)jD )
− 1√
2
Z1kR (A
IJ⋆
d Z
Ij
D Z
(J+3)i⋆
D + A
IJ
d Z
Ii⋆
D Z
(J+3)j
D )
+
1√
2
Z2kR (A
′IJ⋆
d Z
Ij
D Z
(J+3)i⋆
D + A
′IJ
d Z
Ii⋆
D Z
(J+3)j
D )
− 1√
2
Y Id Z
2k
R (µ
⋆ZIi⋆D Z
(I+3)j
D + µZ
Ij
D Z
(I+3)i⋆
D )
)
D−i D
+
j H
0
k
+
[
1√
2
(−e2
2s2W
CkR + v1(Y
I
d )
2Z1kH + v2(Y
J
u )
2Z2kH
)
KJI⋆ZIjD Z
Ji
U
−
√
2MWsW
e
δ1kY Ju Y
I
dK
JI⋆Z
(I+3)j
D Z
(J+3)i
U
+
(
Z1kH µY
J
u K
JI⋆ + (Z1kH A
′KJ⋆
u − Z2kH AKJ⋆u )KKI⋆
)
Z
(J+3)i
U Z
Ij
D
+
(
(Z1kH A
KI
d + Z
2k
H A
′KI
d )K
JK⋆ − Z2kH µ⋆Y IdKJI⋆
)
ZJiU Z
(I+3)j
D
]
U+i D
+
j H
−
k +H.c.
ii) four scalar couplings:
+
(−e2
6c2W
AklH
(
δij +
3− 8s2W
4s2W
ZIi⋆U Z
Ij
U
)
−1
2
(Y Iu )
2Z2kH Z
2l
H(Z
Ii⋆
U Z
Ij
U + Z
(I+3)i⋆
U Z
(I+3)j
U )
)
U−i U
+
j A
0
kA
0
l
+
(−e2
6c2W
AklR
(
δij +
3− 8s2W
4s2W
ZIi⋆U Z
Ij
U
)
−1
2
(Y Iu )
2Z2kR Z
2l
R (Z
Ii⋆
U Z
Ij
U + Z
(I+3)i⋆
U Z
(I+3)j
U )
)
U−i U
+
j H
0
kH
0
l
+
(−e2
3c2W
AklH
(
δij − 3 + 2s
2
W
4s2W
ZIi⋆U Z
Ij
U
)
−(Y Iu )2Z2kH Z2lHZ(I+3)i⋆U Z(I+3)jU − (Y Id )2Z1kH Z1lHKJI⋆KKIZKi⋆U ZJjU
)
U−i U
+
j H
−
k H
+
l
+
(
e2
12c2W
AklH
(
δij +
3− 4s2W
2s2W
ZIi⋆D Z
Ij
D
)
−1
2
(Y Id )
2Z1kH Z
1l
H(Z
Ii⋆
D Z
Ij
D + Z
(I+3)i⋆
D Z
(I+3)j
D )
)
D−i D
+
j A
0
kA
0
l
+
(
e2
12c2W
AklR
(
δij +
3− 4s2W
2s2W
ZIi⋆D Z
Ij
D
)
−1
2
(Y Id )
2Z1kR Z
1l
R (Z
Ii⋆
D Z
Ij
D + Z
(I+3)i⋆
D Z
(I+3)j
D )
)
D−i D
+
j H
0
kH
0
l
+
(
e2
6c2W
AklH
(
δij − 3− 2s
2
W
2s2W
ZIi⋆D Z
Ij
D
)
−(Y Id )2Z1kH Z1lHZ(I+3)i⋆D Z(I+3)jD − (Y Ku )2Z2kH Z2lHKKI⋆KKJZJi⋆D ZIjD
)
D−i D
+
j H
−
k H
+
l
+
1√
2
KJI⋆
(−e2
2s2W
(Z1kH Z
1l
R + Z
2k
H Z
2l
R )Z
Ji
U Z
Ij
D − AlkP Y Ju Y Id Z(J+3)iU Z(I+3)jD
+
(
(Y Ju )
2Z2kH Z
2l
R + (Y
I
d )
2Z1kH Z
1l
R
)
ZJiU Z
Ij
D
)
U+i D
+
j H
−
k H
0
l +H.c.
+
i√
2
KJI⋆
(
e2
2s2W
AklHZ
Ji
U Z
Ij
D − ǫklY Ju Y Id Z(J+3)iU Z(I+3)jD
+
(
(Y Ju )
2Z2kH Z
2l
H − (Y Id )2Z1kH Z1lH
)
ZJiU Z
Ij
D
)
U+i D
+
j H
−
k A
0
l +H.c.
12. Four-scalar interactions of four sleptons or two sleptons and two squarks.
− e
2
8s2W c
2
W
ν˜I⋆ν˜J⋆ν˜I ν˜J −
(−e2
2c2W
(
δij +
1− 4s2W
2s2W
ZKi⋆L Z
Kj
L
)
δIJ
+
(
e2
2s2W
ZKi⋆L Z
Lj
L + Y
K
l Y
L
l Z
(K+3)i⋆
L Z
(L+3)j
L
)
ZLIν Z
KJ⋆
ν
)
ν˜J⋆ν˜IL−i L
+
j
− e
2
3c2W
(
δij +
3− 8s2W
4s2W
ZJi⋆U Z
Jj
U
)
ν˜I⋆ν˜IU−i U
+
j
+
e2
6c2W
(
δij +
3− 4s2W
2s2W
ZJi⋆D Z
Jj
D
)
ν˜I⋆ν˜ID−i D
+
j
− ZJIν ZLi⋆U KLK
(
e2
2s2W
ZKj⋆D Z
Jk
L + Y
J
l Y
K
d Z
(K+3)j⋆
D Z
(J+3)k
L
)
ν˜IU−i D
−
j L
+
k +H.c.
−
(
e2(1 + 8s2W )
8s2W c
2
W
ZIi⋆L Z
Jj⋆
L Z
Jl
L Z
Ik
L +
e2
2c2W
δjl(δik − 3ZIi⋆L ZIkL )
+Y Il Y
J
l Z
Jj⋆
L Z
Ik
L Z
(I+3)i⋆
L Z
(J+3)l
L
)
L−i L
−
j L
+
k L
+
l
+
e2
6c2W
(
3 + 12s2W
2s2W
ZIi⋆L Z
Ij
L Z
Jk⋆
U Z
Jl
U − 6δklZIi⋆L ZIjL − 5δijZIk⋆U ZIlU + 4δijδkl
)
L−i L
+
j U
−
k U
+
l
+
[
e2
6c2W
(
− 3
2s2W
ZIi⋆L Z
Ij
L Z
Jk⋆
D Z
Jl
D + 3δ
klZIi⋆L Z
Ij
L + δ
ijZIk⋆D Z
Il
D − 2δijδkl
)
−Y Il Y Jd (Z(I+3)i⋆L ZIjL ZJk⋆D Z(J+3)lD + ZIi⋆L Z(I+3)jL Z(J+3)k⋆D ZJlD )
]
L−i L
+
j D
−
k D
+
l
13. Vertices containing the strong coupling constant g3. There are two basic types of
such interactions - couplings of the quarks and squarks with the gluons and gluinos and
four squarks interactions. By Y a we denote the matrices of the SU(3) generators in 3
representation (generally a, b, c . . . are indices corresponding to 8 (adjoint) representation,
α, β, γ . . . - to 3 (basic) representation of the QCD gauge group).
− g3d¯IY aγµdIgaµ − ig3(D+i Y a
↔
∂µD−i )g
a
µ + g
2
3D
+
i Y
aY bD−i g
a
µg
bµ
− 2
3
eg3D
+
i Y
aD−i g
a
µF
µ +
eg3
sW cW
(−ZIiDZIj⋆D +
2
3
δijs2W )D
+
i Y
aD−j g
a
µZ
µ
− g3u¯IY aγµuIgaµ − ig3(U−i Y a
↔
∂µU+i )g
a
µ + g
2
3U
−
i Y
aY bU+i g
a
µg
bµ
+
4
3
eg3U
−
i Y
aU+i g
a
µF
µ +
eg3
sW cW
(ZIi⋆U Z
Ij
U −
4
3
δijs2W )U
−
i Y
aU+j g
a
µZ
µ
+
eg3
√
2
sW
ZJjU Z
Ii
DK
JI⋆D+i Y
aU+j g
a
µW
−µ +H.c.
+ g3
√
2U−i Y
aΛ¯aG(−ZIi⋆U PL + Z(I+3)i⋆U PR)uI +H.c.
+ g3
√
2D+i Y
aΛ¯aG(−ZIiDPL + Z(I+3)iD PR)dI +H.c.
+
1
2
ig3fabcΛ¯
a
Gγ
µΛbGg
c
µ + g3fabc(∂
µη¯aG)η
b
Gg
c
µ
+
1
2
g3fabc(∂µg
a
ν − ∂νgaµ)gbµgcν −
1
4
g23fabcfadeg
b
µg
dµgcνg
eν
In the next terms it is necessary to write down explicitly the color indices α, β, γ . . . We
also define following abbreviations:
RijU = Z
Ii⋆
U Z
Ij
U R
ij
D = Z
Ii
DZ
Ij⋆
D
X ijU = δ
ij − 2RijU X ijD = δij − 2RijD
Y ijU = 5R
ij
U − 4δij Y ijD = 2δij − RijD
V ijklU = Y
I
u Y
J
u Z
(I+3)i⋆
U Z
Ij
U Z
Jk⋆
U Z
(J+3)l
U V
ijkl
D = Y
I
d Y
J
d Z
(I+3)i
D Z
Ij⋆
D Z
Jk
D Z
(J+3)l⋆
D
− 1
4
{[
g23
6
(3X ilUX
kj
U −X ijUXklU ) +
e2
4s2W
RijUR
kl
U +
e2
36c2W
Y ijU Y
kl
U + V
ijkl
U + V
klij
U
]
δαβδγδ
+
[
g23
6
(3X ijUX
kl
U −X ilUXkjU ) +
e2
4s2W
RilUR
kj
U +
e2
36c2W
Y ilU Y
kj
U + V
ilkj
U + V
kjil
U
]
δαδδβγ
}
U−iαU
−
kγU
+
jβU
+
lδ
− 1
4
{[
g23
6
(3X ilDX
kj
D −X ijDXklD ) +
e2
4s2W
RijDR
kl
D +
e2
36c2W
Y ijD Y
kl
D + V
ijkl
D + V
klij
D
]
δαβδγδ
+
[
g23
6
(3X ijDX
kl
D −X ilDXkjD ) +
e2
4s2W
RilDR
kj
D +
e2
36c2W
Y ilDY
kj
D + V
ilkj
D + V
kjil
D
]
δαδδβγ
}
D−iαD
−
kγD
+
jβD
+
lδ
−
[
g23
6
X ijUX
lk
D (3δαδδβγ − δαβδγδ) +
e2
4s2W
(2KKIKLJ⋆δαγδβδ − δIJδKLδαβδγδ)ZKi⋆U ZLjU ZJlD ZIk⋆D
+
e2
36c2W
Y ijU Y
lk
D δαβδγδ + (Y
I
d Y
J
d K
KIKLJ⋆ZKi⋆U Z
Lj
U Z
(I+3)l⋆
D Z
(J+3)k
D
+ Y Iu Y
J
u K
JLKIK⋆Z
(I+3)j
U Z
(J+3)i⋆
U Z
Ll⋆
D Z
Kk
D )δαδδβγ
]
U−iαU
+
jβD
−
kγD
+
lδ
7 Summary
The model described in the previous sections contains a large number of free parameters
which considerably limit its predictive power. There are some commonly used ways to
reduce the number of free constants in this theory. The most often employed method
is to obtain values of the parameters at the electroweak scale by RGE running from the
coupling constants generated at high scale by some SUSY breaking scenario. Usually such
theories are much more unified and contain typically only few free numbers. Of course,
there are many constraints originating from experimental data. Obviously, the masses of
the superpartners are bounded from below by negative result of direct SUSY searches in
collider experiments. One can find also many indirect limits: for example, if the masses of
the superscalars are not very high, then the non-diagonal soft Yukawa couplings AIJd , A
′IJ
d
etc. can lead by loop corrections to too strong flavor changing neutral currents in the
quark sector.
It is worth remembering that although in the superpotential one can have only three
matrices of Yukawa couplings (four if right neutrino exists), six such matrices for the soft
SUSY breaking terms are allowed, three additional ones describing interactions of the
superscalars with the complex conjugated Higgs doublets. Those three new couplings can
affect various processes, in particular they are present in the formulas for the scalar mass
matrices. In most SUSY breaking scenarios such terms are not generated, but in principle
they are not forbidden by MSSM symmetries.
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Appendix A MSSM Lagrangian before gauge sym-
metry breaking
In this Appendix we write down the Lagrangian of the MSSM in terms of the initial
fields, before the SU(2) symmetry breaking, but already after the redefinition of the
coupling constants described in section 3. Expressions given below should help the reader
to compare the conventions used here with other papers and eventually check calculations
of the vertices expressed in terms of the mass eigenstate fields. In the formulas below we
use the 2-component fermion notation. Transition to the 4-fermion notation can be done
by substitution:
uI =
(
ΨIQ1
Ψ¯IU
)
dI =
(
ΨIQ2
Ψ¯ID
)
and similarly for the leptons.
After the diagonalization of the Yukawa couplings the superpotential has the form (K is
the Kobayashi-Maskawa matrix, ǫ12 = −ǫ21 = −1):
W = µǫijH
1
iH
2
j + Y
I
l ǫijH
1
i L
I
jR
I
− Y Iu (H21KIJQJ2 −H22QI1)U I − Y Id (H11QI2 −H12KJI⋆QJ1 )DI
The MSSM Lagrangian contains the following types of interactions:
1. Gauge boson-gaugino, gauge boson-gauge boson.
ig3fabcλ
a
Gσ
µλ¯bGG
c
µ + ig2ǫijkλ
i
Aσ
µλ¯jAA
k
µ
+
1
2
g3fabc(∂µG
a
ν − ∂νGaµ)GbµGcν −
1
4
g23fabcfadeG
b
µG
dµGcνG
eν
+
1
2
g2ǫijk(∂µA
i
ν − ∂νAiµ)AjµAkν −
1
4
g22ǫijkǫimnA
j
µA
mµAkνA
nν
2. Quark-squark-gauge. T i are the SU(2) generators, T i = 1
2
τ i, where τ i denote the
Pauli matrices. Y a and Y¯ a are the SU(3) generators in the 3 and 3¯ representations,
respectively. SU(3) and, wherever possible, also SU(2) indices are suppressed. Finally,
A±µ = A
1
µ ± iA2µ =
√
2W∓µ .
− Ψ¯IQ(g3Y aGaµ + g2T 3A3µ +
1
6
g1Bµ)σ¯
µΨIQ − iQI⋆(g3Y aGaµ + g2T 3A3µ +
1
6
g1Bµ)
↔
∂µQQ
I
− 1
2
g2K
JI⋆(Ψ¯IQ2σ¯
µΨJQ1 + iQ
I⋆
2
↔
∂µQJ1 )A
+
µ +H.c.
+ i
√
2QI⋆(g3Y
aλaG + g2T
3λ3A +
1
6
g1λB)Ψ
I
Q +H.c.
+ ig2(K
JI⋆QI⋆2 λ
−
AΨ
J
Q1 +K
JIQJ⋆1 λ
+
AΨ
I
Q2) + H.c.
+ (Q1, KQ2)
I⋆(g3Y
aGaµ + g2T
iAiµ +
1
6
g1Bµ)(g3Y
bGbµ + g2T
jAjµ +
1
6
g1B
µ)
(
Q1
KQ2
)I
− Ψ¯IU(g3Y¯ aGaµ −
2
3
g1Bµ)σ¯
µΨIU − iU I⋆(g3Y¯ aGaµ −
2
3
g1Bµ)
↔
∂µUU
I
+ U I⋆(g3Y¯
aGaµ −
2
3
g1Bµ)(g3Y¯
bGbµ − 2
3
g1B
µ)U I
− Ψ¯ID(g3Y¯ aGaµ +
1
3
g1Bµ)σ¯
µΨID − iDI⋆(g3Y¯ aGaµ +
1
3
g1Bµ)
↔
∂µDD
I
+ DI⋆(g3Y¯
aGaµ +
1
3
g1Bµ)(g3Y¯
bGbµ +
1
3
g1B
µ)DI
+ i
√
2U I⋆(g3Y¯
aλaG −
2
3
g1λB)Ψ
I
U + i
√
2DI⋆(g3Y¯
aλaG +
1
3
g1λB)Ψ
I
D +H.c.
3. Lepton-slepton-gauge.
− Ψ¯IL(g2T iAiµ −
1
2
g1Bµ)σ¯
µΨIL − iLI⋆(g2T iAiµ −
1
2
g1Bµ)
↔
∂µLL
I
+ LI⋆(g2T
iAiµ −
1
2
g1Bµ)(g2T
jAjµ − 1
2
g1B
µ)LI
− g1Ψ¯IRBµσ¯µΨIR − ig1Bµ(RI⋆
↔
∂µRI) + g21R
I⋆RIBµB
µ
+ i
√
2LI⋆(g2T
iλiA −
1
2
g1λB)Ψ
I
L + i
√
2g1R
I⋆λBΨ
I
R +H.c.
4. Higgs boson-Higgsino-gauge.
− Ψ¯H1(g2T iAiµ −
1
2
g1Bµ)σ¯
µΨH1 − iH1⋆(g2T iAiµ −
1
2
g1Bµ)
↔
∂µHH
1
+ H1⋆(g2T
iAiµ −
1
2
g1Bµ)(g2T
jAjµ − 1
2
g1B
µ)H1
− Ψ¯H2(g2T iAiµ +
1
2
g1Bµ)σ¯
µΨH2 − iH2⋆(g2T iAiµ +
1
2
g1Bµ)
↔
∂µHH
2
+ H2⋆(g2T
iAiµ +
1
2
g1Bµ)(g2T
jAjµ +
1
2
g1B
µ)H2
+ i
√
2H1⋆(g2T
iλiA −
1
2
g1λB)ΨH1 + i
√
2H2⋆(g2T
iλiA +
1
2
g1λB)ΨH2 +H.c.
5. Yukawa couplings.
− µǫijΨiH1ΨjH2 − Y Il ǫijΨiH1ΨILjRI − Y Il ǫijΨiH1ΨIRLIj − Y Il ǫijΨIRΨILjH1i +H.c.
− Y Id (−Ψ1H1ΨIQ2 +KJI⋆Ψ1H2ΨJQ1)DI − Y Id (−Ψ1H1QI2 +KJI⋆Ψ1H2QJ1 )ΨID +H.c.
− Y Id (−H11ΨIQ2 +KJI⋆H12ΨJQ1)ΨID − Y Iu (−KIJH21ΨJQ2 +H22ΨIQ1)ΨIU +H.c.
− Y Iu (−KIJΨ2H1ΨJQ2 +Ψ2H2ΨIQ1)U I − Y Iu (−KIJΨ2H1QJ2 +Ψ2H2QI1)ΨIU +H.c.
6. The scalar potential (in the Lagrangian −V appears):
V =
1
2
(DaGD
a
G +D
i
AD
i
A +DBDB) + F
⋆
i Fi
For the F ⋆H1FH1 and F
⋆
H2FH2 terms we explicitly write down SU(3) indices in places where
their contraction can be ambiguous (Y¯ a = −(Y a)T ).
DaG = g3(Q
I⋆
i Y
aQIi +D
I⋆Y¯ aDI + U I⋆Y¯ aU I)
DiA = g2[(Q1, KQ2)
I⋆T i
(
Q1
KQ2
)I
+ LI⋆T iLI +H1⋆T iH1 +H2⋆T iH2]
DB =
1
2
g1(
1
3
QI⋆i Q
I
i +
2
3
DI⋆DI − 4
3
U I⋆U I − LI⋆i LIi + 2RI⋆RI −H1⋆i H1i +H2⋆i H2i )
F ⋆H1FH1 = |µ|2H2⋆i H2i + Y Il Y Jl LI⋆i LJi RI⋆RJ + Y Id Y Jd (KKIKLJ⋆QK⋆1α QL1β +QI⋆2αQJ2β)DI⋆α DJβ
+ (Y Il µ
⋆H2⋆i L
I
iR
I + Y Id µ
⋆(KJI⋆H2⋆1 Q
J
1 +H
2⋆
2 Q
I
2)D
I +H.c.)
+ (Y Il Y
J
d (K
KJ⋆LI⋆1 Q
K
1 + L
I⋆
2 Q
J
2 )R
I⋆DJ +H.c.)
F ⋆H2FH2 = |µ|2H1⋆i H1i + Y Iu Y Ju (KIK⋆KJLQK⋆2α QL2β +QI⋆1αQJ1β)U I⋆α UJβ
− (Y Iu µ⋆(KIJH1⋆2 QJ2 +H1⋆1 QI1)U I +H.c.)
F I⋆LiF
I
Li = (Y
I
l )
2H1⋆i H
1
i R
I⋆RI
F I⋆R F
I
R = (Y
I
l )
2ǫijǫklH
1⋆
i H
1
kL
I⋆
j L
I
l
F I⋆QiF
I
Qi = (Y
I
d )
2H1⋆i H
1
iD
I⋆DI + (Y Iu )
2H2⋆i H
2
i U
I⋆U I + (Y Iu Y
J
d K
IJU IDJ⋆H1⋆i H
2
i +H.c.)
F I⋆U F
I
U = (Y
I
u )
2[KIJ⋆KIKH2⋆1 H
2
1Q
J⋆
2 Q
K
2 +H
2⋆
2 H
2
2Q
I⋆
1 Q
I
1 − (KIJ⋆H2⋆1 H22QJ⋆2 QI1 +H.c.)]
F I⋆D F
I
D = (Y
I
d )
2[H1⋆1 H
1
1Q
I⋆
2 Q
I
2 +K
JIKKI⋆H1⋆2 H
1
2Q
J⋆
1 Q
K
1 − (KJI⋆H1⋆1 H12QI⋆2 QJ1 +H.c.)]
7. The soft SUSY breaking terms.
− m2H1H1⋆i H1i −m2H2H2⋆i H2i − (m2L)IJLI⋆i LJi − (m2R)IJRI⋆RJ
− (m2Q)IJ [QI⋆2 QJ2 +KKIKLJ⋆QK⋆1 QL1 ]− (m2D)IJDI⋆DJ − (m2U )IJU I⋆UJ
+
1
2
M1λBλB +
1
2
M2λ
i
Aλ
i
A +
1
2
M3λ
a
Gλ
a
G +H.c.
+ m212ǫijH
1
iH
2
j + ǫijA
IJ
l H
1
i L
I
jR
J + A
′IJ
l H
2⋆
i L
I
iR
J +H.c.
+ AIJu (−KIKH21Qk2 +H22QI1)UJ + A
′IJ
u (K
IKH1⋆2 Q
k
2 +H
1⋆
1 Q
I
1)U
J +H.c.
+ AIJd (−H11QI2 +KKI⋆H12Qk1)DJ + A
′IJ
d (H
2⋆
2 Q
I
2 +K
KI⋆H2⋆1 Q
k
1)D
J +H.c.
Appendix B Feynman rules
In this appendix we complete Feynman rules for the interactions described in section 6.
For simplicity we write down the propagators and ghost terms for ξ = 1 - extension
to the general case is straightforward . ξ-dependence of ghost vertices and Goldstone
boson masses can be found in section 5 and section 6 point 7. All vertices are properly
symmetrized.
B.1 Propagators
1. Scalar particles (Higgs boson or superscalar):
i
p2 −m2
2. Vector bosons:
µ ν
−igµν
p2 −m2
3. Fermions. Some of the MSSM fermions are Majorana spinors, what introduce addi-
tional complications into the calculations. The detailed discussion of the Feynman rules
for the Majorana fermions can be found e.g. in [13].
i
pµγµ −m
4. Ghosts:
i
p2 −m2
The propagators of the quarks, squarks and the color ghosts should be multiplied by the
factor δab, where a and b are as usual color indices.
B.2 Vertices
1. Quark-squark-gauge boson.
γµ uI
uJ
−2
3
ieγµδIJ
γµ dI
dJ
1
3
ieγµδIJ
Z0µ uI
uJ
− ie
2sW cW
γµ(PL − 4
3
s2W )δ
IJ
Z0µ dI
dJ
ie
2sW cW
γµ(PL − 2
3
s2W )δ
IJ
Wµ dI
uJ
− ie√
2sW
KJI⋆γµPL
γµ U+i
k
U+j
p −2
3
ieδij(p+ k)µ
γµ D−i
k
D−j
p 1
3
ieδij(p+ k)µ
Z0µ U
+
i
k
U+j
p − ie
2sW cW
(ZIi⋆U Z
Ij
U −
4
3
s2W δ
ij)(p+ k)µ
Z0µ D
−
i
k
D−j
p ie
2sW cW
(ZIiDZ
Ij⋆
D −
2
3
s2W δ
ij)(p+ k)µ
Wµ D−i
k
U+j
p − ie√
2sW
ZIiDZ
Jj
U K
JI⋆(p+ k)µ
Wµ Wν
U+j
U+i
ie2
2s2W
ZIi⋆U Z
Ij
U g
µν
γµ γν
U+j
U+i
8
9
ie2δijgµν
γµ Z0ν
U+j
U+i
2ie2
3sW cW
(ZIi⋆U Z
Ij
U −
4
3
δijs2W )g
µν
Z0µ Z
0
ν
U+j
U+i
2ie2
3c2W
[
4
3
δijs2W +
3− 8s2W
4s2W
ZIi⋆U Z
Ij
U
]
gµν
Wµ Wν
D−j
D−i
ie2
2s2W
ZIiDZ
Ij⋆
D g
µν
γµ γν
D−j
D−i
2
9
ie2δijgµν
γµ Z0ν
D−j
D−i
ie2
3sW cW
(ZIiDZ
Ij⋆
D −
2
3
δijs2W )g
µν
Z0µ Z
0
ν
D−j
D−i
2ie2
3c2W
[
1
3
δijs2W +
3− 4s2W
4s2W
ZIiDZ
Ij⋆
D
]
gµν
Wµ γν
U+j
D−i
ie2
√
2
6sW
ZIiDZ
Jj
U K
JI⋆gµν
Wµ Z0ν
U+j
D−i
−ie
2
√
2
6cW
ZIiDZ
Jj
U K
JI⋆gµν
2. Lepton-slepton-gauge boson.
γµ eJ
eI
ieγµδIJ
Z0µ eJ
eI
ie
2sW cW
γµ(PL − 2s2W )δIJ
Z0µ νJ
νI
− ie
2sW cW
γµPLδ
IJ
Wµ νJ
eI
− ie√
2sW
γµPLδ
IJ
γµ L−i
k
L−j
p ieδij(p+ k)µ
Z0µ ν˜I
k
ν˜J
p − ie
2sW cW
δIJ(p+ k)µ
Z0µ L
−
i
k
L−j
p ie
2sW cW
(ZIiL Z
Ij⋆
L − 2s2W δij)(p+ k)µ
Wµ L−i
k
ν˜J
p − ie√
2sW
ZIJν Z
Ii
L (p+ k)
µ
Wµ Wν
ν˜J
ν˜I
ie2
2s2W
δIJg
Z0µ Z
0
ν
ν˜J
ν˜I
ie2
2s2W c
2
W
δIJgµν
γµ γν
L−j
L−i
2ie2δijgµν
γµ Z0ν
L−j
L−i
ie2
sW cW
(
ZIiL Z
Ij⋆
L − 2δijs2W
)
gµν
Z0µ Z
0
ν
L−j
L−i
2ie2
c2W
[
δijs2W +
1− 4s2W
4s2W
ZIiL Z
Ij⋆
L
]
gµν
Wµ Wν
L−j
L−i
ie2
2s2W
ZIiL Z
Ij⋆
L g
µν
Wµ γν
ν˜J
L−i
− ie
2
√
2sW
ZIJν Z
Ii
L g
µν
Wµ Z0ν
ν˜J
L−i
ie2√
2cW
ZIJν Z
Ii
L g
µν
3. Higgs particle-gauge boson.
Z0µ H
0
i
k
A0j
p e
2sW cW
AijM(p+ k)
µ
γµ H−i
k
H−j
p ieδij(p+ k)µ
Z0µ H
−
i
k
H−j
p ieδij
c2W − s2W
2sW cW
(p+ k)µ
Wµ H0i
k
H−j
p − ie
2sW
AijM(p+ k)
µ
Wµ A0i
k
H−j
p − e
2sW
δij(p+ k)µ
Wµ γν
H−2
ieMW g
µν
Wµ Z0ν
H−2
−ieMW sW
cW
gµν
Z0µ Z
0
ν
H0i ie2
2s2W c
2
W
CiRg
µν
Wµ Wν
H0i ie2
2s2W
CiRg
µν
γµ γν
H−j
H−i
2ie2δijgµν
Z0µ γν
H−j
H−i
ie2
c2W − s2W
sW cW
δijgµν
Z0µ Z
0
ν
H−j
H−i
ie2
(c2W − s2W )2
2s2W c
2
W
δijgµν
Wµ Wν
H−j
H−i
ie2
2s2W
δijgµν
Z0µ Z
0
ν
H0j
H0i
ie2
2s2W c
2
W
δijgµν
Wµ Wν
H0j
H0i
ie2
2s2W
δijgµν
Z0µ Z
0
ν
A0j
A0i
ie2
2s2W c
2
W
δijgµν
Wµ Wν
A0j
A0i
ie2
2s2W
δijgµν
Wµ γν
H−j
H0i
− ie
2
2sW
AijMg
µν
Wµ Z0ν
H−j
H0i
ie2
2cW
AijMg
µν
Wµ γν
H−j
A0i
− e
2
2sW
δijgµν
Wµ Z0ν
H−j
A0i
e2
2cW
δijgµν
4. Chargino- and neutralino-gauge boson.
γµ χi
χj
−ieγµδij
Z0µ χi
χj
− ie
2sW cW
γµ
(
Z1i⋆+ Z
1j
+ PL + Z
1i
−Z
1j⋆
− PR + δ
ij(c2W − s2W )
)
Z0µ χ
0
i
χ0j
ie
2sW cW
γµ
(
(Z4i⋆N Z
4j
N − Z3i⋆N Z3jN )PL − (Z4iNZ4j⋆N − Z3iNZ3j⋆N )PR
)
Wµ χj
χ0i
ie
sW
γµ
[(
Z2iNZ
1j⋆
+ −
1√
2
Z4iNZ
2j⋆
+
)
PL
+
(
Z2i⋆N Z
1j
− +
1√
2
Z3i⋆N Z
2j
−
)
PR
]
5. Chargino- and neutralino-quark and squark.
U−i χ
0
j
uI
i
[( −e√
2sW cW
ZIi⋆U (
1
3
Z1jN sW + Z
2j
N cW )− Y Iu Z(I+3)i⋆U Z4jN
)
PL
+
(
2
√
2e
3cW
Z
(I+3)i⋆
U Z
1j⋆
N − Y Iu ZIi⋆U Z4j⋆N
)
PR
]
D+i χ
0
j
dI
i
[( −e√
2sW cW
ZIiD (
1
3
Z1jN sW − Z2jN cW ) + Y Id Z(I+3)iD Z3jN
)
PL
+
(−e√2
3cW
Z
(I+3)i
D Z
1j⋆
N + Y
I
d Z
Ii
DZ
3j⋆
N
)
PR
]
U−i χ
C
j
dI
i
[
(
−e
sW
ZJi⋆U Z
1j
+ + Y
J
u Z
(J+3)i⋆
U Z
2j
+ )PL − Y Id ZJi⋆U Z2j⋆− PR
]
KJI
D+i χj
uJ
i
[
−( e
sW
ZIiDZ
1j
− + Y
I
d Z
(I+3)i
D Z
2j
− )PL + Y
J
u Z
Ii
DZ
2j⋆
+ PR
]
KJI⋆
6. Charginos and neutralinos-leptons and sleptons.
ν˜J χ
0
i
νI
ie√
2sW cW
ZIJ⋆ν (Z
1i
N sW − Z2iN cW )PL
L+i χ
0
j
eI
i
[(
e√
2sW cW
ZIiL (Z
1j
N sW + Z
2j
N cW ) + Y
I
l Z
(I+3)i
L Z
3j
N
)
PL
+
(−e√2
cW
Z
(I+3)i
L Z
1j⋆
N + Y
I
l Z
Ii
L Z
3j⋆
N
)
PR
]
ν˜J χCi
eI
−i
(
e
sW
Z1i+PL + Y
I
l Z
2i⋆
− PR
)
ZIJ⋆ν
L+i χj
νI
−i
(
e
sW
ZIiL Z
1j
− + Y
I
l Z
(I+3)i
L Z
2j
−
)
PL
7. Chargino- and neutralino-Higgs boson.
H0k χ
0
i
χ0j
ie
2sW cW
[(
(Z1kR Z
3j
N − Z2kR Z4jN )(Z1iN sW − Z2iN cW )
+(Z1kR Z
3i
N − Z2kR Z4iN )(Z1jN sW − Z2jN cW )
)
PL
+
(
(Z1kR Z
3i⋆
N − Z2kR Z4i⋆N )(Z1j⋆N sW − Z2j⋆N cW )
+(Z1kR Z
3j⋆
N − Z2kR Z4j⋆N )(Z1i⋆N sW − Z2i⋆N cW )
)
PR
]
A0k χ
0
i
χ0j
e
2sW cW
[(
(Z1kH Z
3j
N − Z2kH Z4jN )(Z1iN sW − Z2iN cW )
+(Z1kH Z
3i
N − Z2kH Z4iN )(Z1jN sW − Z2jN cW )
)
PL
−
(
(Z1kH Z
3i⋆
N − Z2kH Z4i⋆N )(Z1j⋆N sW − Z2j⋆N cW )
+(Z1kH Z
3j⋆
N − Z2kH Z4j⋆N )(Z1i⋆N sW − Z2i⋆N cW )
)
PR
]
H0k χi
χj
− ie√
2sW
[
(Z1kR Z
2i
−Z
1j
+ + Z
2k
R Z
1i
−Z
2j
+ )PL
+(Z1kR Z
2j⋆
− Z
1i⋆
+ + Z
2k
R Z
1j⋆
− Z
2i⋆
+ )PR
]
A0k χi
χj
e√
2sW
[
−(Z1kH Z2i−Z1j+ + Z2kH Z1i−Z2j+ )PL
+(Z1kH Z
2j⋆
− Z
1i⋆
+ + Z
2k
H Z
1j⋆
− Z
2i⋆
+ )PR
]
H+k χj
χ0i
ie
sW cW
[
Z1kH
(
1√
2
Z2j− (Z
1i
N sW + Z
2i
N cW )− Z1j− Z3iN cW
)
PL
−Z2kH
(
1√
2
Z2j⋆+ (Z
1i⋆
N sW + Z
2i⋆
N cW ) + Z
1j⋆
+ Z
4i⋆
N cW
)
PR
]
8. Leptons and quarks-Higgs particles.
H0i eI
eI
i√
2
Y Il Z
1i
R
A0i eI
eI
1√
2
Y Il Z
1i
Hγ5
H−i eI
νI
−iY Il Z1iHPL
H0i dI
dI
i√
2
Y Id Z
1i
R
H0i uI
uI
− i√
2
Y Iu Z
2i
R
A0i dI
dI
1√
2
Y Id Z
1i
Hγ5
A0i uI
uI
− 1√
2
Y Iu Z
2i
Hγ5
H−i dI
uJ
i(−Y Id Z1iHPL + Y Ju Z2iHPR)KJI⋆
9. Self-interactions of gauge bosons.
Wν
k1 →
Wλ
← k2
γµ
k3 ↓ ie[gνλ(k1 − k2)µ + gλµ(k2 − k3)ν + gµν(k3 − k1)λ]
Wν
k1 →
Wλ
← k2
Z0µ
k3 ↓ iecW
sW
[gνλ(k1 − k2)µ + gλµ(k2 − k3)ν + gµν(k3 − k1)λ]
γα γβ
Wµ
Wν
−ie2(2gαβgµν − gαµgβν − gανgβµ)
γα Z0β
Wµ
Wν
−ie
2cW
sW
(2gαβgµν − gαµgβν − gανgβµ)
Z0α Z
0
β
Wµ
Wν
−ie
2c2W
s2W
(2gαβgµν − gαµgβν − gανgβµ)
W+α
→
W+β
←
W−µ
↓
W−ν
↑
ie2
s2W
(2gαβgµν − gαµgβν − gανgβµ)
10. Ghost terms.
γµ η±
→ p
η±
↓ ±iepµ
Z0µ η
±
→ p
η±
↓ ±
iecW
sW
pµ
W±µ η+(ηF )
→ p
ηF (η
+)
↓ −iepµ
W±µ ηF (η−)
→ p
η−(ηF )
↓ iepµ
W±µ η+(ηZ)
→ p
ηZ(η
+)
↓ −
iecW
sW
pµ
W±µ ηZ(η−)
→ p
η−(ηZ)
↓
iecW
sW
pµ
H0j ηZ
→
ηZ
↓ −
ie2
4s2W c
2
W
viZ
ij
R
H0j η
±
→
η±
↓ −
ie2
4s2W
viZ
ij
R
A02 η
±
→
η±
↓ ±
eMW
2sW
H±2 η
±
→
ηF
↓ ∓ieMW
H±2 ηZ
→
η∓
↓
ieMW
2sW cW
H±2 η
±
→
ηZ
↓ −ieMW c
2
W − s2W
2sW cW
11. Slepton-Higgs boson.
H0i ν˜I
ν˜J
− ie
2
4s2W c
2
W
BiRδ
IJ
H+j L
+
i
ν˜J
iZIJ⋆ν
(
−
√
2e2
4s2W
CjRZ
Ii⋆
L + Z
1j
H (
v1√
2
(Y Il )
2ZIi⋆L + A
IK⋆
l Z
(K+3)i⋆
L )
+Z2jH (A
′IK⋆
l Z
(K+3)i⋆
L − µY Il Z(I+3)i⋆L )
)
H0k L
−
j
L−i
i
(
e2
2c2W
BkR
(
δij +
1− 4s2W
2s2W
ZIi⋆L Z
Ij
L
)
−(Y Il )2v1Z1kR (ZIi⋆L ZIjL + Z(I+3)i⋆L Z(I+3)jL )
− 1√
2
Z1kR (A
IJ⋆
l Z
Ij
L Z
(J+3)i⋆
L + A
IJ
l Z
Ii⋆
L Z
(J+3)j
L )
+
1√
2
Z2kR (A
′IJ⋆
l Z
Ij
L Z
(J+3)i⋆
L + A
′IJ
l Z
Ii⋆
L Z
(J+3)j
L )
− 1√
2
Y Il Z
2k
R (µ
⋆ZIi⋆L Z
(I+3)j
L + µZ
Ij
L Z
(I+3)i⋆
L )
)
A0k L
−
j
L−i
− 1√
2
(
(AIJ⋆l Z
Ij
L Z
(J+3)i⋆
L − AIJl ZIi⋆L Z(J+3)jL )Z1kH
+(A
′IJ⋆
l Z
Ij
L Z
(J+3)i⋆
L − A
′IJ
l Z
Ii⋆
L Z
(J+3)j
L )Z
2k
H
+Y Il (µ
⋆ZIi⋆L Z
(I+3)j
L − µZIjL Z(I+3)i⋆L )Z2kH
)
H0i H
0
j
ν˜I
ν˜J
− ie
2
4s2W c
2
W
AijRδ
IJ
A0i A
0
j
ν˜I
ν˜J
− ie
2
4s2W c
2
W
AijHδ
IJ
H−i H
−
j
ν˜I
ν˜J
iZKJ⋆ν Z
KI
ν
(
e2
c2W − s2W
4s2W c
2
W
AijH − (Y Kl )2Z1iHZ1jH
)
H−j H0k
ν˜L
L−i
i√
2
ZIiL Z
IL
ν
(−e2
2s2W
(Z1jH Z
1k
R + Z
2j
H Z
2k
R ) + (Y
I
l )
2Z1jH Z
1k
R
)
H−j A0k
ν˜L
L−i
− 1√
2
ZIiL Z
IL
ν
(
e2
2s2W
AjkH − (Y Il )2Z1jH Z1kH
)
H0k H
0
l
L−i
L−j
i
(
e2
2c2W
AklR
(
δij +
1− 4s2W
2s2W
ZIi⋆L Z
Ij
L
)
−(Y Il )2Z1kR Z1lR (ZIi⋆L ZIjL + Z(I+3)i⋆L Z(I+3)jL )
)
A0k A
0
l
L−i
L−j
i
(
e2
2c2W
AklH
(
δij +
1− 4s2W
2s2W
ZIi⋆L Z
Ij
L
)
−(Y Il )2Z1kH Z1lH(ZIi⋆L ZIjL + Z(I+3)i⋆L Z(I+3)jL )
)
H−k H
−
l
L−i
L−j
i
(
e2
2c2W
AklH
(
δij − 1 + 2s
2
W
2s2W
ZIi⋆L Z
Ij
L
)
−(Y Il )2Z1kH Z1lHZ(I+3)i⋆L Z(I+3)jL
)
12. Interactions of the squarks and the Higgs particles.
H0k U
−
j
U−i
i
(−e2
3c2W
BkR
(
δij +
3− 8s2W
4s2W
ZIi⋆U Z
Ij
U
)
−v2(Y Iu )2Z2kR (ZIi⋆U ZIjU + Z(I+3)i⋆U Z(I+3)jU )
+
1√
2
Z2kR (A
IJ⋆
u Z
Ii⋆
U Z
(J+3)j
L + A
IJ
u Z
Ij
U Z
(J+3)i⋆
U )
+
1√
2
Z1kR (A
′IJ⋆
u Z
Ii⋆
U Z
(J+3)j
U + A
′IJ
u Z
Ij
U Z
(J+3)i⋆
U )
+
1√
2
Y Iu Z
1k
R (µ
⋆ZIjU Z
(I+3)i⋆
U + µZ
Ii⋆
U Z
(I+3)j
U )
)
A0k U
−
j
U−i
− 1√
2
(
Y Iu (µZ
Ii⋆
U Z
(I+3)j
U − µ⋆ZIjU Z(I+3)i⋆U )Z1kH
+(AIJu Z
Ij
U Z
(J+3)i⋆
U −AIJ⋆u ZIi⋆U Z(J+3)jU )Z2kH
+(A
′IJ⋆
u Z
Ii⋆
U Z
(J+3)j
U − A
′IJ
u Z
Ij
U Z
(J+3)i⋆
U )Z
1k
H
)
H0k D
−
j
D−i
i
(
e2
6c2W
BkR
(
δij +
3− 4s2W
2s2W
ZIi⋆D Z
Ij
D
)
−v1(Y Id )2Z1kR (ZIi⋆D ZIjD + Z(I+3)i⋆D Z(I+3)jD )
− 1√
2
Z1kR (A
IJ⋆
d Z
Ij
D Z
(J+3)i⋆
D + A
IJ
d Z
Ii⋆
D Z
(J+3)j
D )
+
1√
2
Z2kR (A
′IJ⋆
d Z
Ij
D Z
(J+3)i⋆
D + A
′IJ
d Z
Ii⋆
D Z
(J+3)j
D )
− 1√
2
Y Id Z
2k
R (µ
⋆ZIi⋆D Z
(I+3)j
D + µZ
Ij
D Z
(I+3)i⋆
D )
)
A0k D
−
j
D−i
− 1√
2
(
(AIJ⋆d Z
Ij
D Z
(J+3)i⋆
D − AIJd ZIi⋆D Z(J+3)jD )Z1kH
+(A
′IJ⋆
d Z
Ij
D Z
(J+3)i⋆
D − A
′IJ
d Z
Ii⋆
D Z
(J+3)j
D )Z
2k
H
+Y Id (µ
⋆ZIi⋆D Z
(I+3)j
D − µZIjD Z(I+3)i⋆D )Z2kH
)
H+k D
+
j
U−i
i
[
1√
2
(−e2
2s2W
vlZ
lk
H + v1(Y
I
d )
2Z1kH + v2(Y
J
u )
2Z2kH
)
KJIZIj⋆D Z
Ji⋆
U
−
√
2MWsW
e
δ1kY Ju Y
I
dK
JIZ
(I+3)j⋆
D Z
(J+3)i⋆
U
+[Z1kH µ
⋆Y Ju K
JI + (Z1kH A
′KJ
u − Z2kH AKJu )KKI ]Z(J+3)i⋆U ZIj⋆D
+[(Z1kH A
KI⋆
d + Z
2k
H A
′KI⋆
d )K
JK − Z2kH µY IdKJI ]ZJi⋆U Z(I+3)j⋆D
]
H0k H
0
l
U−i
U−j
i
(−e2
3c2W
AklR
(
δij +
3− 8s2W
4s2W
ZIi⋆U Z
Ij
U
)
−(Y Iu )2Z2kR Z2lR (ZIi⋆U ZIjU + Z(I+3)i⋆U Z(I+3)jU )
)
A0k A
0
l
U−i
U−j
i
(−e2
3c2W
AklH
(
δij +
3− 8s2W
4s2W
ZIi⋆U Z
Ij
U
)
−(Y Iu )2Z2kH Z2lH(ZIi⋆U ZIjU + Z(I+3)i⋆U Z(I+3)jU )
)
H−k H
−
l
U−i
U−j
i
(−e2
3c2W
AklH
(
δij − 3 + 2s
2
W
4s2W
ZIi⋆U Z
Ij
U
)
−(Y Iu )2Z2kH Z2lHZ(I+3)i⋆U Z(I+3)jU
−(Y Id )2Z1kH Z1lHKJI⋆KKIZKi⋆U ZJjU
)
H0k H
0
l
D−i
D−j
i
(
e2
6c2W
AklR
(
δij +
3− 4s2W
2s2W
ZIi⋆D Z
Ij
D
)
−(Y Id )2Z1kR Z1lR (ZIi⋆D ZIjD + Z(I+3)i⋆D Z(I+3)jD )
)
A0k A
0
l
D−i
D−j
i
(
e2
6c2W
AklH
(
δij +
3− 4s2W
2s2W
ZIi⋆D Z
Ij
D
)
−(Y Id )2Z1kH Z1lH(ZIi⋆D ZIjD + Z(I+3)i⋆D Z(I+3)jD )
)
H−k H
−
l
D−i
D−j
i
(
e2
6c2W
AklH
(
δij − 3− 2s
2
W
2s2W
ZIi⋆D Z
Ij
D
)
−(Y Id )2Z1kH Z1lHZ(I+3)i⋆D Z(I+3)jD
−(Y Ku )2Z2kH Z2lHKKI⋆KKJZJi⋆D ZIjD
)
H0l H
−
k
U+i
D−j
i√
2
KJI⋆
(−e2
2s2W
(Z1kH Z
1l
R + Z
2k
H Z
2l
R )Z
Ji
U Z
Ij
D
−AlkP Y Ju Y Id Z(J+3)iU Z(I+3)jD
+[(Y Ju )
2Z2kH Z
2l
R + (Y
I
d )
2Z1kH Z
1l
R ]Z
Ji
U Z
Ij
D
)
A0l H
−
k
U+i
D−j
− 1√
2
KJI⋆
(
e2
2s2W
AklHZ
Ji
U Z
Ij
D + [(Y
J
u )
2Z2kH Z
2l
H
−(Y Id )2Z1kH Z1lH ]ZJiU ZIjD − ǫklY Ju Y Id Z(J+3)iU Z(I+3)jD
)
13. Self-interactions of the Higgs particles.
H0i H
0
k
H0j
− ie
2
4s2W c
2
W
(AijRB
k
R + A
jk
RB
i
R + A
ki
RB
j
R)
A0i A
0
j
H0k
− ie
2
4s2W c
2
W
AijHB
k
R
H−j H
−
i
H0k
−i
(
e2
4s2W c
2
W
AijHB
k
R +
eMW
2sW
(AkjP δ
1i + AkiP δ
1j)
)
H−j H
−
i
A0k
−eMW
2sW
ǫijδ
1k
H0i H
0
k
H0j
H0l
− ie
2
4s2W c
2
W
(AijRA
kl
R + A
ik
RA
jl
R + A
il
RA
jk
R )
H0i H
0
j
A0k
A0l
− ie
2
4s2W c
2
W
AijRA
kl
H
A0i A
0
k
A0j
A0l
− ie
2
4s2W c
2
W
(AijHA
kl
H + A
ik
HA
jl
H + A
il
HA
jk
H )
H−l H
−
k
H0i
H0j
− ie
2
4s2W
(
1
c2W
AijRA
kl
H + A
ik
P A
jl
P + A
il
PA
jk
P
)
H−l H
−
k
A0i
A0j
− ie
2
4s2W
(
1
c2W
AijHA
kl
H + ǫikǫjl + ǫilǫjk
)
H−l H
−
k
H0i
A0j
− e
2
4s2W
AijP ǫkl
H−l H
−
k
H−j
H−i
− ie
2
4s2W c
2
W
(AijHA
kl
H + A
il
HA
jk
H )
14. Interactions of four sleptons or two sleptons and two squarks:
ν˜J ν˜I
ν˜L
ν˜K
− ie
2
4s2W c
2
W
(δIJδKL + δILδKJ)
L−i L
−
j
ν˜I
ν˜J
−i
(−e2
2c2W
(
δij +
1− 4s2W
2s2W
ZKi⋆L Z
Kj
L
)
δIJ
+
(
e2
2s2W
ZKi⋆L Z
Lj
L + Y
K
l Y
L
l Z
(K+3)i⋆
L Z
(L+3)j
L
)
ZLIν Z
KJ⋆
ν
)
U−i U
−
j
ν˜I
ν˜J
− ie
2
3c2W
(
δij +
3− 8s2W
4s2W
ZKi⋆U Z
Kj
U
)
δIJ
D−i D
−
j
ν˜I
ν˜J
ie2
6c2W
(
δij +
3− 4s2W
2s2W
ZKi⋆D Z
Kj
D
)
δIJ
D−j L
−
k
ν˜I
U+i
−iZJIν ZLi⋆U KLK
(
e2
2s2W
ZKj⋆D Z
Jk
L + Y
J
l Y
K
d Z
(K+3)j⋆
D Z
(J+3)k
L
)
L−j L
−
k
L−i
L−l
−i
(
e2
c2W
(δilδjk + δikδjl)
− 3e
2
2c2W
(δilZIj⋆L Z
Ik
L + δ
ikZIj⋆L Z
Il
L + δ
jlZIi⋆L Z
Ik
L + δ
jkZIi⋆L Z
Il
L )
+
e2(1 + 8s2W )
4s2W c
2
W
(ZIi⋆L Z
Jj⋆
L Z
Jk
L Z
Il
L + Z
Ii⋆
L Z
Jj⋆
L Z
Jl
L Z
Ik
L )
+Y Il Y
J
l (Z
(I+3)i⋆
L Z
Jj⋆
L + Z
(I+3)j⋆
L Z
Ji⋆
L )(Z
Il
L Z
(J+3)k
L + Z
Ik
L Z
(J+3)l
L )
)
L−i L
−
j
U−k
U−l
ie2
6c2W
(
3 + 12s2W
2s2W
ZIi⋆L Z
Ij
L Z
Jk⋆
U Z
Jl
U
−6δklZIi⋆L ZIjL − 5δijZIk⋆U ZIlU + 4δijδkl
)
L−i L
−
j
D−k
D−l
i
[
e2
6c2W
(
− 3
2s2W
ZIi⋆L Z
Ij
L Z
Jk⋆
D Z
Jl
D
+3δklZIi⋆L Z
Ij
L + δ
ijZIk⋆D Z
Il
D − 2δijδkl
)
−Y Il Y Jd (Z(I+3)i⋆L ZIjL ZJk⋆D Z(J+3)lD + ZIi⋆L Z(I+3)jL Z(J+3)k⋆D ZJlD )
]
15. Strong interactions of the quarks, squarks, gluons and gluinos.
gaµ u(d)Jα
u(d)Iβ
−ig3Y aαβγµδIJ
gaµ U+iα(D
−
iα)
k
U+jβ(D
−
jβ)
p −ig3(p+ k)µY aαβδij
U−iα Λ
a
G
uIβ
ig3
√
2Y aαβ(−ZIi⋆U PL + Z(I+3)i⋆U PR)
D+iα Λ
a
G
dIβ
ig3
√
2Y aαβ(−ZIiDPL + Z(I+3)iD PR)
gcµ ΛaG
ΛbG
−g3fabcγµ
gaµ
k1 →
gcλ
← k3
gbν
k2 ↓ −g3fabc[gµν(k1 − k2)λ + gνλ(k2 − k3)µ + gµλ(k3 − k1)ν ]
gcµ ηaG
→ p
ηbG
↓ g3fabcpµ
gaµ gbν
U+jβ(D
−
jβ)
U+iα(D
−
iα)
ig23(Y
aY b + Y bY a)αβg
µνδij
gaµ γν
U+jβ
U+iα
4
3
ieg3Y
a
αβg
µνδij
gaµ Z0ν
U+jβ
U+iα
ieg3
sW cW
(ZIi⋆U Z
Ij
U −
4
3
δijs2W )Y
a
αβg
µν
gaµ γν
D−jβ
D−iα
−2
3
ieg3Y
a
αβg
µνδij
gaµ Z0ν
D−jβ
D−iα
ieg3
sW cW
(−ZIiDZIj⋆D +
2
3
δijs2W )Y
a
αβg
µν
gaµ W ν
U+jβ
D−iα
ieg3
√
2
sW
ZIiDZ
Jj
U K
JI⋆Y aαβg
µν
gaµ gbν
gcλ
gdρ
−ig23 [fabefcde(gµλgνρ − gµρgνλ) + fadefbce(gµνgλρ − gµλgνρ)
+facefdbe(g
µρgλν − gµνgλρ)]
U−iα U
−
jβ
U−kγ
U−lδ
−i
{[
g23
6
(3X ilUX
kj
U −X ijUXklU ) +
e2
4s2W
RijUR
kl
U
+
e2
36c2W
Y ijU Y
kl
U + V
ijkl
U + V
klij
U
]
δαβδγδ
+
[
g23
6
(3X ijUX
kl
U −X ilUXkjU ) +
e2
4s2W
RilUR
kj
U
+
e2
36c2W
Y ilU Y
kj
U + V
ilkj
U + V
kjil
U
]
δαδδβγ
}
D−iα D
−
jβ
D−kγ
D−lδ
−i
{[
g23
6
(3X ilDX
kj
D −X ijDXklD ) +
e2
4s2W
RijDR
kl
D
+
e2
36c2W
Y ijD Y
kl
D + V
ijkl
D + V
klij
D
]
δαβδγδ
+
[
g23
6
(3X ijDX
kl
D −X ilDXkjD ) +
e2
4s2W
RilDR
kj
D
+
e2
36c2W
Y ilDY
kj
D + V
ilkj
D + V
kjil
D
]
δαδδβγ
}
U−iα U
−
jβ
D−kγ
D−lδ
−i
[
g23
6
X ijUX
lk
D (3δαδδβγ − δαβδγδ)
+
e2
4s2W
(2KKIKLJ⋆δαγδβδ − δIJδKLδαβδγδ)ZKi⋆U ZLjU ZJlD ZIk⋆D
+
e2
36c2W
Y ijU Y
lk
D δαβδγδ + (Y
I
d Y
J
d K
KIKLJ⋆ZKi⋆U Z
Lj
U Z
(I+3)l⋆
D Z
(J+3)k
D
+ Y Iu Y
J
u K
JLKIK⋆Z
(I+3)j
U Z
(J+3)i⋆
U Z
Ll⋆
D Z
Kk
D )δαδδβγ
]
For definitions of symbols XU , XD, RU , RD etc. see section 6.
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